Werner syndrome (WRN) is an uncommon autosomal recessive disease whose phenotype includes features of premature aging, genetic instability, and an elevated risk of cancer. We used three different experimental strategies to show that WRN cellular phenotypes of limited cell division potential, DNA damage hypersensitivity, and defective homologous recombination (HR) are interrelated. WRN cell survival and the generation of viable mitotic recombinant progeny could be rescued by expressing wild-type WRN protein or by expressing the bacterial resolvase protein RusA. The dependence of WRN cellular phenotypes on RAD51-dependent HR pathways was demonstrated by using a dominant-negative RAD51 protein to suppress mitotic recombination in WRN and control cells: the suppression of RAD51-dependent recombination led to significantly improved survival of WRN cells following DNA damage. These results define a physiological role for the WRN RecQ helicase protein in RAD51-dependent HR and identify a mechanistic link between defective recombination resolution and limited cell division potential, DNA damage hypersensitivity, and genetic instability in human somatic cells.
Werner syndrome (WRN) was originally identified among adult siblings in a single family, all of whom displayed cataract formation, premature greying and loss of hair, and scleroderma-like skin changes (48) . Further characterization of the clinical, pathological, and genetic aspects of this syndrome following Otto Werner's initial description has led to the recognition of Werner syndrome as an uncommon autosomal recessive disease whose phenotype includes features of premature aging, genetic instability, and an elevated risk of cancer (13, 18, 39) .
The WRN gene (also referred to as RECQ3 or RECQL2) was identified by positional cloning in 1996 (51) and was found to encode a 162-kDa member of the human RecQ helicase family with 3Ј35Ј helicase and 3Ј35Ј exonuclease activities. Werner patient mutations truncate the WRN open reading frame and promote loss of the altered protein and both of its associated biochemical activities (4, 28, 42) . Mutations in other human RecQ helicase genes have also been identified in patients with two other genetic instability and tumor predisposition syndromes, Bloom syndrome (12) and Rothmund-Thomson syndrome (24, 26) .
Recently, a homologous recombination (HR) defect in WRN cell lines was identified that included a 25-fold reduction in the rate of generation of viable recombinant daughter cells together with a shift in molecular recombination products from conversion-type to crossover or "popout"-type recombinants that are normally less frequent (35) . These analyses focused on spontaneous mitotic recombintion and did not further define the WRN recombination defect or indicate how HR, cell survival, and the response to DNA damage were interrelated in WRN cells. In the work reported here, three different experimental approaches were used to define the WRN recombination defect and the interrelationship of HR and cell survival following DNA damage in WRN cells. Expression of wild-type WRN protein or the bacterial resolvase protein RusA were both shown to rescue the WRN recombination defect and to improve cell survival following DNA damage. The dependence of WRN cellular phenotypes on RAD51-dependent HR function was demonstrated with a dominant-negative mammalian RAD51 protein (SMRAD51) (22) . Expression of SMRAD51 suppressed HR in control and WRN cells as predicted while leading to markedly improved WRN cell survival after DNA damage.
These results confirm the presence of an HR defect in WRN cells, more clearly identify the HR stage and likely molecular intermediates or products involved, and demonstrate the interdependence of defective HR, reduced cell division potential, and DNA damage hypersensitivity following a loss of WRN function. These results define a physiological role for WRN. The results also suggest a model for WRN function that explains how WRN loss leads to reduced cell division, DNA damage hypersensitivity, and genetic instability and thus may act to promote disease pathogenesis.
MATERIALS AND METHODS
Plasmid DNAs. Plasmid DNAs encoding wild-type or K577 M missense mutant forms of human WRN protein have been previously described (28) . Oligonucleotide-mediated, site-directed mutagenesis (Transformer; Clontech) was used to introduce an E84A substitution in a wild-type WRN open reading frame. An EcoRI-BsrGI fragment containing the E84A substitution was then subcloned into a K577 M WRN expression vector to give a WRN open reading frame and protein that lacked helicase and exonuclease activities. The resulting plasmids were sequence verified and tested for expression by Western blot analysis after transient transfection (see below). The plasmids pPURO and pSMRad51 were kindly provided by Bernard Lopez (CNRS-CEA, Fontenay aux Roses, France) (22) . Plasmids pMW400 and pMW436, expressing wild-type and D70N forms of RusA, respectively, were kindly provided by Matthew Whitby (Oxford University) (11) . For expression in human cells, RusA open reading frames were transferred to pPURO, a pcDNA3.1 (Invitrogen) derivative.
Cell lines and transfection. The control simian virus 40 (SV40)-transformed fibroblast cell lines GM639 and GM847 were obtained from the National Institute of General Medical Sciences Human Genetic Mutant Cell Repository (Camden, N.J.). The WRN SV40-transformed fibroblast cell lines WV1 and AG11395 (WS780) have been previously described (36, 38) . Both lines contain truncating mutations in the WRN open reading frame (1) and lack WRN protein detectable by Western blot analysis. The generation of sublines containing chromosomally integrated copies of the recombination reporter plasmids pNeoA and pLrec (25) has been described previously (35) . Cells were grown in Dulbecco modified Eagle's medium containing 4,500 mg of glucose/liter and supplemented with 10% fetal bovine serum (HyClone), penicillin G sodium (100 U/ml), and streptomycin sulfate (100 g/ml) in a humidified 37°C, 7% CO 2 incubator. The cultures were screened periodically and verified to be free of Mycoplasma infection by DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining and fluorescence microscopy.
WRN or control cell lines that stably expressed SMRAD51 protein were generated by transfecting pSMRad51 or the control vector pPURO into cells by using SuperFect (Qiagen), followed by the selection of colonies able to grow in the presence of 0.4 to 1 g of puromycin/ml. SMRAD51 protein expression was determined by Western blot analysis using an anti-Rad51 antibody (Oncogene Research) as previously described (22) . WRN and RusA expression vectors were transiently transfected using SuperFect, and the transfection efficiency was monitored by green fluorescent protein fluorescence. WRN protein expression was monitored by Western blot analysis as previously described (28) .
Cell survival assays. Colony-forming efficiency (CFE) was determined by plating 100 or 1,000 cells in six-well plate wells (Falcon). Higher cell numbers were used in some cases when survival after DNA damage was studied. The cells were grown for 10 to 18 days and then fixed and stained with crystal violet prior to the determination of the fraction of cells plated that were able to form colonies of Ն6 or Ն50 cells. Colony size distributions (CSDs) were determined by allowing single cells to form colonies over the course of 10 to 18 days, followed by crystal violet staining and counting the number of cells in individual colonies. CSD data are reported as a cumulative probability distribution of the percentage of cells able to form colonies of greater than or equal to n cells after a defined growth interval (43) .
Aqueous stocks of cis-platinum (cis-Pt) and hydroxyurea (HU) were prepared (1 mM cis-Pt or 1 M HU), filter sterilized through a 0.22-m-pore-size filter, and stored at 4°C (cis-Pt) or Ϫ20°C (HU) until they were diluted just prior to use. Ionizing (␥) radiation sensitivity experiments were performed using a 137 Cs source at a dose rate of 1 Gy/min. Cell survival and growth following DNA damage were determined by CFE or CSD assays as described above, in which mock-treated cells were used as controls to determine survival in the absence of DNA damage. The statistical significance of differences in growth or survival were determined as previously described (36) except that comparisons were made between treatments, not cell lines, and no time variable was involved.
Recombination assays. The ability of cis-Pt or HU treatment to induce viable G418-resistant (neo ϩ ) mitotic recombinant colonies was determined by exposing cells containing pNeoA to 2 M cis-Pt or 1 mM HU for 24 h, followed by 10 to 18 days of growth in the absence of treatment or selection to determine survival or in 400 to 600 g of G418/ml to determine recombinant frequency. Recombination frequencies were corrected for both the background (untreated) neo ϩ colony frequency and for survival to give the number of induced neo ϩ colonies per 10 6 viable treated cells. Beta-galactosidase-positive (lac ϩ ) recombinant-cell frequencies were determined as previously described (35) and reported as the number of lac ϩ cells per 10 6 viable cells 24 h after cis-Pt or HU treatment as described above. The statistical significance of differences in the frequencies of recombinant neo ϩ colonies or lac ϩ cells was determined by applying one-way analysis of variance to the calculated frequencies for each cell line and testing all pairwise contrasts (35) .
RESULTS
We first determined the ability of WRN and control SV40-transformed fibroblast cell lines to grow and form colonies in the absence of exogenous DNA damage. The WRN mutation status and WRN protein content of all four lines have been defined previously (1, 35, 36) . Two assays were used to quantify cell division or growth potential: CFE and CSD assays. Both assays revealed an intrinsic growth deficit in WRN SV40-transformed fibroblast cell lines in the absence of exogenous DNA damage. WRN cell line CFEs were substantially lower than those of controls when colony formation was defined as Ն50 cells after 10 days of growth. This difference was less marked when the criterion for colony formation was Ն6 cells after 10 days of growth (Fig. 1A) . In CSD assays, ϳ6.5% of WRN colonies consisted of Ն25 cells after 10 days of growth in contrast to 41% of control colonies. Only one of the WRN cell lines, AG11395, was able to generate any large colonies after (Fig. 1B) . These results indicate that SV40 transformation in part suppresses the severe cellular growth deficit displayed by primary WRN fibroblast strains while leaving other aspects of the WRN cellular phenotype, such as genetic instability and selective DNA damage hypersensitivity, largely intact (see below). The ability of SV40 transformation to compensate in part for the loss of WRN RecQ helicase activity may reflect the strong helicase activity of SV40 large-T-antigen protein (14, 27 ). An alternative and more plausible explanation is that the presence of T antigen suppresses cellular responses to DNA damage in the absence of WRN function.
CFE and CSD assays were next used to determine the survival and growth of WRN and control cells following DNA damage. Work in several laboratories, including our own, had previously shown that WRN patient peripheral blood lymphocytes, B-lymphoblastoid cell lines, primary fibroblasts, and fibroblast cell lines display selective sensitivity to a limited spectrum of DNA-damaging agents, including DNA cross-linking agents, the DNA topoisomerase I inhibitor camptothecin, and 4-nitroquinoline 1-oxide (16, 17, 29, 30, 33, 34, 36) . In light of the intrinsic growth defect of WRN SV40 fibroblast cell lines in the absence of DNA damage, we reexamined the sensitivity of WRN and control SV40 fibroblast cell lines to cis-Pt-induced DNA cross-links, to HU-mediated replication arrest, and to ionizing radiation damage ( 137 Cs ␥ radiation) using CFE and CSD assays designed to minimize the intrinsic differences in WRN cell growth and division potential identified above. WRN cell lines treated with cis-Pt had a statistically significant, dose-dependent reduction in survival compared with controls at all exposure times tested (6 to 30 h) in both CFE and CSD assays ( Fig. 2 ; also see Fig. 4 and 5) . In both assays, survival of WRN cells as a function of the cis-Pt dose displayed a steep slope that, in contrast to control cells, did not plateau at high cis-Pt doses or long exposure times (results not shown). The HU sensitivity of WRN cells was examined in light of reports of poor recovery of growth by fission yeast lacking the Rqh1 RecQ helicase following HU-mediated S-phase arrest (44) and a report of HU sensitivity in WRN lymphoblastoid cell lines and primary fibroblasts (31) . Two independent SV40-transformed WRN fibroblast cell lines displayed dose-and time-dependent HU sensitivity in CSD, though not CFE, assays. The most pronounced effect was observed after treatment with 1 mM HU for 24 h (results not shown). Finally, a modest though reproducible and statistically significant sensitivity of SV40-transformed WRN fibroblast cell lines to ionizing radiation was observed. In CFE assays, there was significantly suppressed survival at radiation doses of Ն6 Gy (results not shown). The magnitude of the effect was similar to that recently reported for hTERT-immortalized WRN fibroblasts (50) . In CSD assays, WRN cell lines displayed a reduction in the ability to form large colonies (Ն25 cells) after 6 Gy of radiation. In order to determine whether the reduced cell division potential and DNA damage hypersensitivity of WRN cell lines resulted from a loss of WRN function, we expressed active or missense mutant forms of WRN protein in WRN and control cells and then quantified cell survival after cis-Pt treatment. Only wild-type WRN protein possessing helicase and exonuclease activities significantly improved the survival and growth of WRN cells prior to or after DNA damage by cis-Pt treatment (P Յ 0.0001; Fig. 2A and B and results not shown) . The generation of viable neo ϩ recombinant colonies after cis-Pt damage was also significantly improved when wild-type WRN protein was expressed in WRN cells prior to cis-Pt damage (P ϭ 0.003 to 0.0001) (Fig. 2C and D) . In contrast, expression of a missense mutant form of WRN lacking helicase and exonuclease activities (mutant WRN) did not significantly improve survival or recombination in WRN cells and did not confer a dominant-negative or toxic phenotype in control cells (Fig. 2B and D) (P ϭ 0.15 to 0.45). In these experiments, the transfection efficiencies and levels of expression of wild-type and mutant WRN proteins, respectively, were comparable (results not shown). The coordinate recovery of cell survival and the ability to generate viable recombinant colonies by WRN cells after expressing wild-type WRN protein indicates that defective HR, limited cell division potential, and DNA damage hypersensitivity are interrelated and are likely to result directly from the loss of WRN function.
Two additional experimental strategies were used to demonstrate a role for WRN in recombination. First, the dependence of WRN cellular phenotypes on HR function was determined by using a dominant-negative form of mammalian RAD51 protein to suppress HR in WRN and control cells. Second, we determined whether expression of a bacterial resolvase protein, RusA, in WRN cells led to increased cell survival and the generation of viable recombinant daughter cells. The dominant-negative form of RAD51 used in these experiments consisted of the first 55 amino acid residues of Saccharomyces cerevisiae RAD51 fused to the N terminus of the 339-residue murine Rad51 open reading frame (SMRAD51) (Fig. 3A) . SMRAD51 separates the viability and intrachromosomal recombination functions of mammalian RAD51 protein and had been shown previously to suppress the generation of RAD51-dependent recombinants in rodent cells (22) .
Stable WRN and control sublines that expressed SMRAD51 protein and contained the chromosomally integrated recombination reporter plasmid pNeoA or pLrec were generated (25) (Fig. 3B) . These reporter plasmids consist of genetically inactive direct repeats of the neomycin phosphotransferase (pNeoA) or ␤-galactosidase (pLrec) gene that can give rise to neo ϩ colonies or lac ϩ cells following recombination. An important distinction between these two reporters, despite their similar structures, is the requirement for cell growth to reveal neo ϩ recombinants as colonies of neo ϩ cells (25, 35) . The expression of SMRAD51 protein strongly suppressed spontaneous and cis-Pt-induced lac ϩ -recombinant generation in WRN and control cells (Fig. 4A) and neo ϩ -colony formation in control cells (Fig. 4B) while significantly improving the survival of WRN cells after cis-Pt treatment as measured by CFE ( In order to better delineate the molecular nature of RAD51-dependent in vivo HR products that might be responsible for WRN cellular phenotypes, we determined whether expression of the bacterial resolvase protein RusA could rescue WRN cell survival and recombination (Fig. 5A) . RusA is a 120-residue protein that was originally identified as a suppressor of deficiencies in the Escherichia coli bacterial resolvase protein RuvC (23, 40, 41, 49) . RusA can bind a variety of different DNA junction structures, though it efficiently cleaves only four-way Holliday junctions in a metal ion-and sequencedependent reaction (23, 40, 41) . The expression of active RusA protein in WRN cells significantly improved both cell survival (35) . Lanes 1, 2, 5, and 6 were clonally derived from control plasmid (pPURO) transfections. The two SMRAD51 protein bands arise from alternative initiation or stable degradation (22) . Multiple independent sublines were generated for use in subsequent experiments.
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and the generation of neo ϩ recombinants following DNA damage ( Fig. 5B and C) (P ϭ 0.007 and 3.7 ϫ 10 Ϫ5 , respectively).
These results are reminiscent of work with Schizosaccharomyces pombe, in which RusA expression was shown to partially suppress defects in cell viability and recombination in cells lacking the sole fission yeast RecQ helicase, Rqh1 (11) . RusA protein was also recently shown to suppress a late-stage meiotic recombination defect in S. pombe cells lacking the Mus81 protein (2), a putative recombination resolution activity in both yeast and mammalian cells (19) . The ability of RusA expression to restore WRN cell survival and the generation of viable neo ϩ -recombinant colony formation following DNA damage suggests that at least a portion of the postulated unresolved recombination products in WRN cells contain Holliday junctions.
DISCUSSION
The experiments described above reveal the dependence of WRN cellular phenotypes on RAD51-mediated recombination function and the importance of successful recombination resolution to ensure cell survival after DNA damage. These experimental results establish a physiological role for WRN protein in recombination resolution in human somatic cells and indicate that WRN cellular phenotypes arise from a recombination defect rather than hyperrecombination, as has been widely assumed. The identification of a role for WRN in recombination resolution also provides insight into the molecular nature of in vivo substrates for WRN function and suggests a mechanistically coherent model that indicates how loss of WRN function suppresses cell division, confers DNA damage hypersensitivity, and promotes genetic instability in human somatic cells (Fig. 6) .
The identification of a role for WRN in the resolution of RAD51 pathway HR products is one of the most intriguing aspects of the results presented here. While a detailed picture of recombination resolution has been developed for bacteria and phage (41, 49) and eukaryotic recombination resolution is likely to use a similar functional "core" (9) , the identities of eukaryotic recombination resolution proteins remain in large part obscure (6, 19, 23) . The idea that WRN could play a role in recombination resolution is biochemically plausible. WRN possesses or could recruit additional biochemical activities to promote recombination, replication restart, or other aspects of cellular DNA metabolism, such as telomere maintenance, that may require resolution. WRN can bind and unwind model Holliday junctions in vitro (7) and has been shown to interact physically or functionally with replication protein A, proliferating cell nuclear antigen, DNA polymerase ␦, the p53 protein, (Fig. 2) improves both cell survival and the recovery of viable mitotic recombinants, as does expression of the bacterial resolvase protein RusA (ϩRusA) (Fig. 5) . The dependence of WRN phenotypes on RAD51 pathway function and products can be revealed by expressing a dominant-negative form of mammalian RAD51 protein (ϩSMRAD51) (Fig. 3 and 4 ) that suppresses mitotic recombination in WRN and controls cells while improving WRN cell survival after cis-Pt damage. Anticipated consequences of survival in the absence of HR function are mutagenesis and genetic instability (45, 46 (Fig. 6) . First, it is postulated that one important physiological role for WRN is to resolve recombination products generated during recombination, DNA repair, replication restart, or other aspects of cellular DNA metabolism. Second, RAD51 is postulated to generate an in vivo substrate(s) for WRN function from these nucleic acid metabolic processes, at least a portion of which contain Holliday junctions. Third, a failure to resolve RAD51-dependent recombination products is postulated to lead directly or indirectly to mitotic arrest, cell death, or genetic instability, where the details may be heavily dependent upon or conditioned by cell lineage properties. Fourth, unresolved recombination products that escape mitotic or programmed cell death are likely to promote mutations, gene rearrangements, or genetic instability when captured by error-prone or nonconservative repair pathways, such as NHEJ.
This model is strongly supported by the experimental results outlined above (Fig. 2 to 5 ). It is also consistent with what is known about human repair and recombination pathways and indicates how WRN is likely to interact with other DNA repair pathways or proteins, e.g., NHEJ, the BRCA1 and -2 proteins, and the MRE11/RAD50/NBS1 complex. Defects in these pathways and proteins also promote genetic instability with an elevated risk of cancer (10, 32, (45) (46) (47) . For example, recent results indicate that WRN may play a role in NHEJ (4) , and links between HR and NHEJ can be experimentally revealed (37) . However, the close resemblance of WRN cellular phenotypes to those displayed by other mammalian HR mutants (46) indicates that if WRN does play a role in NHEJ, this role is likely to be subservient to its role(s) in HR.
A final point that argues strongly for the validity of the model depicted in Fig. 6 is that it provides a quantitative and mechanistically consistent explanation for WRN genetic instability data. This includes well-established results, e.g., the deletion mutator phenotype of WRN cell lines (15) , as well asperhaps most tellingly-previously paradoxical results, such as a surprisingly low loss of heterozygosity frequency in WRN cell lines that display both a deletion mutator phenotype and chromosomal instability (3, 15) . It should be possible to build a more detailed predictive model from the one shown in Fig. 6 by adding information on the identity of in vivo substrates, the nucleic acid metabolic and DNA sequence contexts in which these substrates arise (8, 21) , and how WRN acts with other proteins to resolve these substrates (6, 19) . The resulting detailed picture will provide additional insight into WRN functional pathways and their roles to insure genetic stability and the survival of human somatic cells.
